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D
iabetes mellitus is a metabolic disor-
der where glucose regulation fails as
a result of (1) insufficient production

and secretion of insulin from the body due
to an autoimmune destruction of pancreatic
β-cells (type 1 diabetes) or (2) a combination
of impaired insulin resistance and insulin sec-
retion (type 2 diabetes).1�3 Type 1 and type 2
diabetes affects more than 25.8 million peo-
ple in the United States, amounting to ap-
proximately 8.3%of thepopulation.4Multiple
subcutaneous injections of insulin and reg-
ular monitoring of blood glucose levels are
essential for type 1 diabetes patients and
some type 2 diabetes patients.5 However,
such self-administration is uncomfortable
and painful and requires substantial patient
compliance. More importantly, conventional
treatment, where glucose sensing and drug
therapy are not directly coupled, known as
open-loop insulin delivery, does not tightly
regulate glucose levels in patients.6,7 Lack of

tight control of blood glucose levels is
associated with significant patient disease
including limb amputation, blindness, kid-
ney failure, and fatal hypoglycemia.8

An artificial pancreas-like closed-loop in-
sulin delivery system that continuously and
intelligently releases insulin in response to
changing blood glucose levels can improve
the quality of life for diabetes patients.9�12

One strategy to achieve a closed-loop system
is to integrate a glucose-monitoring moiety
and a sensor-triggered insulin-releasing moi-
ety into a single system.9,11 Semiautomated
closed-loop insulin delivery devices have
integrated a continuous glucose-monitor-
ing sensor with an external insulin infusion
pump.11 Nevertheless, engineering an im-
plantable device with the combination
of continuous glucose-sensing and self-
regulating release remains challenging.11

In addition to electronic devices, chemically
controlled closed-loop delivery platforms
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ABSTRACT A glucose-responsive closed-loop insulin delivery system represents the

ideal treatment of type 1 diabetes mellitus. In this study, we develop uniform injectable

microgels for controlled glucose-responsive release of insulin. Monodisperse microgels

(256( 18 μm), consisting of a pH-responsive chitosan matrix, enzyme nanocapsules, and

recombinant human insulin, were fabricated through a one-step electrospray procedure.

Glucose-specific enzymes were covalently encapsulated into the nanocapsules to improve

enzymatic stability by protecting from denaturation and immunogenicity as well as to

minimize loss due to diffusion from the matrix. The microgel system swelled when subjected to hyperglycemic conditions, as a result of the enzymatic

conversion of glucose into gluconic acid and protonation of the chitosan network. Acting as a self-regulating valve system, microgels were adjusted to release

insulin at basal release rates under normoglycemic conditions and at higher rates under hyperglycemic conditions. Finally, we demonstrated that these

microgels with enzyme nanocapsules facilitate insulin release and result in a reduction of blood glucose levels in a mouse model of type 1 diabetes.
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have been explored, typically consisting of poly-
meric hydrogels that swell or shrink to adjust the
insulin release rate according to ambient glucose
levels.9,11,13�21 One approach involves glucose oxi-
dase (GOx), a glucose-specific enzyme that catalyzes
glucose to gluconic acid.12 In such systems, GOx is
entrapped or immobilizedwithin a pH-sensitivematrix,
and glucose level increases lead to a decrease in
the microenvironmental pH.16,22�24 As a result, the
pH-sensitive matrix changes in volume and the release
rate of the loaded insulin increases.9,11 However, bulk-
gel-based systems suffer from slow response rates to
changes in glucose concentration, leading to delayed

insulin release.11 Additionally, GOx-containing mem-
branes suffer from low mechanical strength, which
in combination with slow response rates can result
in unexpected leaking and risk of hypoglycemia.11

Current GOx-based systems also suffer from enzyme
denaturation, insufficient oxygen levels for catalysis,
immunogenicity, and low loading capacity.11

Herein, we describe a closed-loop insulin delivery
platform composed of injectable microgels, which
releases insulin in a glucose-responsive fashion. As
shown in Figure 1, eachmicrogel consists of three com-
ponents: (1) a physically cross-linked pH-responsive
polymericmatrix; (2) GOx- and catalase (CAT)-containing
enzyme nanocapsules; and (3) human recombinant
insulin. The enzyme GOx generates a pH change
in response to glucose; CAT is added to regenerate
oxygen (O2) to assist GOx's glucose catalysis and
consume undesired hydrogen peroxide (H2O2) pro-
duced by glucose oxidation, which may be toxic to
the body and deactivate GOx. Of note, both enzymes
are covalently encapsulated into nanogel-based
capsules (Figure 2a) in order to enhance enzymatic
stability,25 avoid denaturation, shield from immuno-
genicity, and minimize enzyme diffusion from the
polymeric matrix. Continuous swelling leads to ex-
pansion and dissociation of the polymeric network,
which in turn triggers insulin release. Additionally, the
acidic environment increases the solubility of insulin,
further increasing the insulin release rate. Importantly,
this system is reversible, and under normoglycemic

Figure 1. Schematic of microgels encapsulating insulin and
enzyme nanocapsules. The encapsulated glucose-specific
enzyme catalyzes glucose into gluconic acid. The subse-
quent protonation of polymer chains with rich amine
groups increases the charge in the gel matrix, leading to
swelling of the microgels and release of insulin.

Figure 2. Characterization of enzymatic nanocapsules (NCs). (a) Enzymatic reactions involving glucose oxidase (GOx) and
catalase (CAT) nanocapsules. (b) TEM image of a mixture of GOx and CAT nanocapsules. Scale bar: 50 nm. (c) Comparison of
enzyme stabilities of native GOx and GOx nanocapsules at 60 �C in PBS buffer. (d) Comparison of catalytic activity of native
enzymes (mixture of GOx and CAT, 0.15 mg/mL, weight ratio of GOx to CAT: 4:1) and enzyme nanocapsules incubated with a
400 mg/dL glucose saline solution after incubation with proteinase K (1 mg/mL) at 37 �C for 24 h.
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conditions, the microgels shrink and insulin release
ceases.

RESULTS AND DISCUSSION

Formation of Microgels with Enzyme Nanocapsules. Chito-
san is the basis of the microgel, due to its successful use
in medicine, biocompatibility, and ease of protonation
(pKa: 6.2�6.8).26 In the body, chitosan can be degraded
by ubiquitous lysozymes or glycosidases into amino
sugars and subsequently cleared from the body.26 Chit-
osan-based microgels were prepared using a one-step
process with a high-voltage electrospraying system27 to
obtainmonodispersed particles. Tripolyphosphate (TPP)
was used to cross-link the chitosan matrix through
electrostatic interactions to entrap the enzyme-loaded
nanocapsules and insulin. A schematic diagram of the
experimental setup is shown in Figure S1 (Supporting
Information).

Nanogels encapsulated with GOx or CAT were syn-
thesized by a two-step procedure (Supporting Informa-
tion, Figure S2).28,29 Briefly, polymerizable vinyl groups
were covalently conjugated to the enzyme. Compact
nanocapsuleswereprepared following free radical polym-
erization in an aqueous solution containing monomers

(acrylamide (AAm) and N-(3-aminopropyl)methacryl-
amide (APMAAm)) and cross-linker (N,N0-methyl-
enebisacrylamide). Enzyme nanocapsules were spherical
and uniform in size, with a diameter of ∼12 nm as
determined by transmission electron microscopy (TEM)
(Figure 2b) and dynamic light scattering (DLS) analysis
(Supporting Information, Figure S3). The circular dichro-
ism (CD) spectra (Supporting Information, Figure S4) of
the native and the enzyme nanocapsules confirmed that
the enzymes retained the secondary structure of native
proteins.

Thermal stability of the native and the GOx nano-
capsules was compared by incubating at 60 �C. After
4 h, the enzyme nanocapsule retained 70%of its original
activity, whereas the native GOx retained only 20% of
its original activity, as shown in Figure 2c. The enhanced
thermal stability of the enzyme nanocapsules is likely
due to covalent attachment to the protective polymer.25

To further validate the protectiveproperties of the nano-
capsules, enzyme nanocapsules and native enzymes
were incubated in 1� PBS solution with proteinase K,
which degrades exposed proteins. After 24 h at 37 �C,
samples were exposed to 400 mg/dL glucose to
determine the enzymatic activity of GOx. As shown in

Figure 3. Characterization of microgels encapsulating insulin and enzyme nanocapsules. (a) Optical microscope image of
microgels and the statistical distribution of their diameters (b). (c, d) SEM images of insulin-loaded microgels after
lyophilization. (e) Laser scanning confocal microscopy image and (f) a 3D reconstructed confocal image of microgels
encapsulating FITC conjugated insulin (green) and DyLight 650 conjugated enzymes (blue). Scale bars: (a) 500 μm;
(c) 50 μm; (d) 2 μm; (e) 200 μm.
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Figure 2d, the rate of pH decrease with native enzymes
was reduced after incubation with proteinase K. In con-
trast, the rate of pHdecreasewith enzymenanocapsules
was only slightly reduced. Collectively, we can infer that
the polymeric shell around the enzymes enhances their
stability and protects from loss of activity. Since a higher
concentration of CAT would result in less accessible sites
onGOxand thushinder enzymatic oxidationof glucose,23

the weight ratio of GOx to CAT was optimized and
maintained at 4:1 (Supporting Information, Figure S5).30

Insulin and enzyme nanocapsules were mixed with
sterilized chitosan solution (2% w/v in 1% acetic acid
solution at a weight ratio of chitosan/insulin/enzymes
of 50/50/4.8). The homogeneous mixture was trans-
ferred into a syringe and sprayed at a high voltage
(9.0 kV) onto the receiving container with 5% TPP solu-
tion for cross-linking. In order to prepare microgels of
uniform size, we adjusted the applied voltage and the

flow rate of the electrospray to achieve optimal condi-
tions. Using 250 μL/min as a flow rate, spherical and
monodispersed gel particles with a diameter of 256 (
18 μm were obtained (Figure 3a,b). An optimal insulin
loading capacity of 44.6( 2.8% and encapsulation effi-
ciency of 59.7 ( 3.4% (Supporting Information) were
achieved. Scanning electron microscope (SEM) images
in Figure 3c,d revealed the porous structure of particles
after lyophilization. Laser scanning confocal microscopy
images in Figure 3e,f verified that encapsulated fluor-
escent dye-stained insulin and nanocapsules were
homogeneously distributed inside the microgels. The
confocal images indicate that insulin is stably encapsu-
lated within the matrix of particles with negligible
diffusion, as there was a clear demarcation between
themicroparticles and thebackground. This observation
can be attributed to the strong electrostatic and van der
Waals interactions between insulin and chitosan chains.

Figure 4. Glucose-responsive properties of self-regulated microgels. (a) Optical microscope images of microgels incubated
with 1� PBS solutions at different glucose concentrations (0, 100, and 400mg/dL) over time at 37 �C. (b) Normalized diameter
changes of microgels as a function of time. (c) Relevant pH changes in different incubation solutions. (d) Optical microscope
images of a deswelling process over time. Microgels were first incubated with 400 mg/dL glucose for 2 h, which was then
replaced with 100mg/dL glucose for 2 h. (e) Normalized diameter changes of microgels in the deswelling process. Scale bars
in (a) and (d) represent 500 μm.
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Validation of Glucose-Responsive Characteristics. To deter-
mineglucose responsiveness,microgelswere incubated
with 1� PBS solutions containing different glucose con-
centrations, including ahyperglycemic level of 400mg/dL,
a normoglycemic level of 100mg/dL, and a control level
of 0 mg/dL. As shown in Figure 4a, microgels incubated
at the hyperglycemic level steadily swelled over time.
Within 3 h, the particles exhibited a 1.7-fold change
in diameter, corresponding to a 5-fold volume change.
In addition, the conversion of glucose to gluconic acid
through enzyme nanocapsules resulted in a decrease
of solution pH from 7.4 to 6.6, suggesting that the pro-
tonation of primary amines of chitosan leads to the
swelling of the microgels. After 4 h, the microgels were
fully dissociated and the solution became transparent
(Figure 4a). In contrast, microgels treated with saline or
normal glucose solution did not display noticeable
swelling within 4 h, which was associated with only a
slight decrease in pH. We also incubated microgels in
400mg/dL glucose solution for 2 h followed by 100mg/
dL glucose solution. As shown in Figure 4d,e, swollen
microgels steadily shrank over time. We hypothesize
that deswelling of microgels was driven by the dissocia-
tion of hydrogen ions from the chitosan when exposed
to a neutral pH solution. Microgels cannot completely
revert to the original state, in part due to disassembly
of someof the polymeric chains and polyanions into the
solution during the swelling process.

We next assessed the insulin release kinetics in
response to the glucose level changes. To demonstrate

temporal release of insulin from the microgel, micro-
gels encapsulating FITC-conjugated insulin were incu-
bated in a 400 mg/dL glucose solution at 37 �C for

Figure 5. Glucose-responsive insulin release from microgels. (a) Release of FITC-stained insulin from microgels incubated in
400mg/dL glucose PBS solution over time at 37 �C. (b) Fluorescence intensity profiles of an individualmicrogel (the onewith a
white line in a)) as a function of incubation time. (c) CD spectra of standard insulin solution and insulin released from
microgels. (d) Insulin activity assays on serial dilutions of standard insulin and insulin released from microgels by AKT
phosphorylation following stimulation of the insulin receptor. Scale bar in (a) represents 400 μm.

Figure 6. Quantitative examination of glucose-responsive
insulin release. (a) In vitro release kinetics of insulin from
the microgels in 1� PBS solutions with different glucose
concentrations: 0, 100, and 400 mg/dL at 37 �C. (b) Self-
regulated profile of microgels presenting the rate of insulin
release as a function of glucose concentration. Data points
represent mean ( SD (n = 3).
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150 min. Fluorescence images of microgels were re-
corded and analyzed over time. As shown in Figure 5a,b,
as the microgel sizes increased, the fluorescence inten-
sity of the microgel gradually decreased, and the fluo-
rescence intensity of the solution increased, indicating
that the encapsulated insulin steadily released from the
chitosan matrix into the exterior solution. Furthermore,
the CD spectrum of the released insulin from microgels
matched that of free insulin (Figure 5c). To confirm
the bioactivity of the released insulin, we evaluated
the activity of insulin released from the microgels using
a cell-based assay that quantifies AKT phosphorylation,
which follows the stimulation of insulin receptor by a
native insulin. Released insulin retained bioactivity com-
parable to standard samples at the same concentrations
(Figure 5d). The enzymatic activity of GOx nanocapsules
wasmaintained in themicrogelmatrix duringexpansion
when compared with native GOx (Supporting Informa-
tion, Figure S5c).

To further examine the release from microgels in
response to glucose level changes, insulin release stud-
ies were performed. We demonstrated that microgels

release insulin at hyperglycemic glucose levels (Figure 6a).
In contrast, a much slower release rate was obtained
when the microgels were exposed to the basal glucose
level and control solutions. These results are consistent
with the observed swelling response (Figure 4a,b).
Importantly, the insulin release profile of microgels
presents a pulsatile pattern exposed to an alternating
glucose concentration between normal and hypergly-
cemic levels every 1.5 h for several cycles. Microgels
responded to changes in glucose levels with a 2.5-fold
increase in the insulin release rate when the glucose
concentrations were elevated to hyperglycemic levels
(Figure 6b). Interestingly, the release rates at high
hyperglycemic level reached a maximum point and
then gradually decreased. The “acceleration period”
was accounted for by incomplete reversibility between
swelling and deswelling, while the “deceleration period”
was due to the depletion of insulin in the dissociated
microgels. Additionally, we observed that microgels
integrated with enzyme nanocapsules showed more
robust self-regulating capability compared to thosewith
native enzymes (Supporting Information, Figure S7),

Figure 7. In vivo studies of microgels for the treatment of type 1 diabetes. (a) Blood glucose levels in STZ-induced C57B6
diabetic mice after subcutaneous injection with 1� PBS, microgels encapsulating insulin and enzymes (MGs(EþI)), microgels
encapsulating insulin only (MGs(I)), microgels encapsulating enzymes only (MGs(E)). (b) Blood glucose levels of each animal
group within 24 h after administration, extracted from the shaded part of (a). (c) Plasma human insulin levels of mice treated
with 1� PBS, MGs(EþI), and MGs(I) over the administration time. (d) Pictures of microgels withdrawn from diabetic mice
3 days after administration. (e) Representative H&E staining of mice dermal tissues containing MGs(EþI) and MGs(I). (f)
Changes of mean diameters of MGs(EþI) and MGs(I) 3 days after administration. Data points in (a)�(c) represent mean( SD
(n = 6 for the group administrated withMG(E), MG(I), andMG(EþI); n = 4 for the group administrated with PBS); data points in
(f) represent mean ( SD (n = 50) and *** represents p < 0.001 by Student's t-test. Scale bar in (e) represents 200 μm.

A
RTIC

LE



GU ET AL . VOL. 7 ’ NO. 8 ’ 6758–6766 ’ 2013

www.acsnano.org

6764

which can be ascribed to less diffusion of catalytic
elements from microgels with enzyme nanocapsules.

In Vivo Studies of Microgels. To evaluate the in vivo

activity of microgels in type 1 diabetes, streptozotocin
(STZ)-induced diabetic mice31 were divided into four
groups and subcutaneously injected with microgels
containing human recombinant insulin with enzyme
nanocapsules (MGs(IþE)), microgels encapsulating
insulin only (MGs(I)), or enzyme nanocapsules only
(MGs(E)), and control (1� PBS) solution. The blood
glucose levels (BGLs) of each animal groupwere closely
monitored after administration and continuously
recorded for 6 days. As shown in Figure 7a,b, BGLs of
mice injected with MGs(IþE) or MGs(I) (insulin dose:
40 mg/kg) quickly declined to a normoglycemic state
(<200 mg/dL) within 2 h. We attributed this to an initial
burst release of dissolved insulin in the injection solu-
tion and adsorbed insulin on the surface of microgels.
The BGLs of mice with MGs(IþE) were then maintained
in the normoglycemic range for up to 12h and gradually
increasedafterward. In the absenceof the enzymenano-
capsules, the BGLsofmicewithMGs(I) steadily increased
back to a hyperglycemic state 2 h after injection.
Correspondingly,mice treatedwithMGs(IþE) presented
a consistently higher plasma insulin level for at least 96 h
than those treated with MGs(I), as quantified by ELISA
(Figure 7c). Moreover, similar to the PBS control group,
the group treated with MGs(E) did not display a notice-
able decline in BGLs, suggesting the catalytic conversion
of glucose did not considerably affect BGLs.

Microgels were retrieved from mice 3 days after
administration to assess for any toxicity. Microgels
with insulin only had a clear circular profile and can
be distinguished individually (Figure 7d). In contrast,
particles containing enzymes were closely adhered
to each other with a bulk gel-like morphology. Fur-
ther histological investigation of tissues containing
injected microgels after 3 days indicated that chitosan

microgels induced acute inflammation (Figure 7e).
However, chitosan is used medically (Supporting In-
formation, Figure S8) and is enzymatically degradable.
The microgels completely degraded 4�6 weeks later,
and no fibrotic encapsulationwas observed (Supporting
Information, Figure S9). We also observed thatMGs(IþE)
had a significant increase in the mean diameter after
implantation, compared with MGs(I) (Figure 7f). This
is consistent with swelling induced by enzymatic reac-
tions as observed in vitro. This also explains the sub-
stantial release of insulin and prolongedmaintenance of
a normoglycemic state for the system associated with
enzymes. Interestingly we note that swelling is reduced
when compared to the in vitro studies, presumably due
to tissue restrictions or buffering in the body.

CONCLUSION

In summary, we have developed enzymatic nano-
capsule-containing microgels for glucose-responsive
delivery of insulin. The enzymatic conversion of glu-
cose into gluconic acid in the noncovalent cross-linked
polymeric matrix reduces the microenvironmental pH,
resulting in swelling and dissociation of the microgels,
increasing the release rate of insulin. The in vivo studies
demonstrated that incorporation of enzyme into mi-
crogels facilitated the release of insulin and control
of blood glucose levels. Further development will be
necessary to optimize the glucose response sensitivity
and sustain long-term release to achieve dynamic
regulation of blood glucose levels under in vivo con-
ditions. With the benefits of uniform accessibility,
enhanced enzymatic stability, and stimuli controllable
capability, we believe this approach has potential for
the generation of a glucose-responsive insulin delivery
system. We further believe that this platform may be
extended to allow co-delivery of other therapeutic
agents, including therapeutic proteins and peptides
or small molecular anti-inflammation drugs.

METHODS

Materials. All chemicals were purchased from Sigma-Aldrich
unless otherwise specified and were used as received.
Human recombinant insulin (Zn salt, 27.5 IU/mg) was pur-
chased from Invitrogen. The deionized water was prepared
by a Millipore NanoPure purification system (resistivity higher
than 18.2 MΩ 3 cm

�1).
Preparation and Characterization of Enzyme Nanocapsules. Single-

enzyme-containing nanocapsules were prepared according
to our previously reported procedure with modifications.28,29

Briefly, a volume of 12 mg of GOx or CAT in 4.0 mL of pH 8.5,
50 mM sodium carbonate buffer was reacted with 6 mg of
N-acryloxysuccinimide in 40 μL of dimethyl sulfoxide (DMSO)
for 2 h at room temperature. Buffer exchange with 1� PBS was
then carried out three times (Amicon Ultra-15 50 K devices,
Millipore Corp.). The degree of modification was 23 vinyl groups
per GOx or 32 vinyl groups per CAT, measured using 2,4,6-
trinitrobenzene sulfonic acid (Thermo Fisher Scientific Inc.).
Modified enzyme was diluted to 1 mg/mL with 10 mM pH 8.5
sodium bicarbonate buffer. Then 40 μL of acrylamide (AAm)

monomer, prepared in a 200 mg/mL aqueous solution, was
added to 6 mL of protein solution with stirring for 10 min
at 4 �C. Subsequently, the other monomer, N-(3-aminopropyl)-
methacrylamide (APMAAm), was added. Afterward, cross-linker
N,N0-methylenebisacrylamide was added. The molar ratio of
AAm/APMAAm/cross-linker was adjusted to 8/4/1. The polymer-
ization was immediately initiated by adding 4 mg of ammonium
persulfate dissolved in 40 μL of deoxygenated and deionized
water and 4 μL of N,N,N0 ,N0-tetramethylethylenediamine. The
polymerization was allowed to proceed for 90 min in a nitrogen
atmosphere at room temperature. Finally, buffer exchange with
1� PBS was performed to remove unreacted monomers and
initiators. The yield of the enzyme nanocapsules was higher than
95%. The unmodified enzymes were removed using size-exclu-
sion chromatography. The protein content in nanocapsules was
determined by the bicinchoninic acid (BCA) colorimetric protein
assay. Briefly, a tertrate buffer (pH 11.25) containing 25 mM BCA,
3.2 mM CuSO4, and appropriately diluted protein/NCs was in-
cubated at 60 �C for 30min. After the solutionwas cooled to room
temperature, absorbance readings at 562 nm were determined
with a UV�vis spectrometer (Thermo Scientific GENESYS 20).
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BSA solutions with known concentrations were used as stan-
dards. The enzymatic activity of native GOx and GOx nano-
capsules was tested by the Amplex Red glucose/glucose
oxidase assay kit (Invitrogen).

Preparation of Microgels. An aqueous solution of chitosan
(2%w/v) was prepared by dissolving sterilized chitosan powder
(molecular weight: ∼200 kDa) in 1% acetic acid solution.
The obtained solution was centrifuged at 10 000 rpm to remove
undissolved impurities. Insulin and enzyme nanocapsules
were added and thoroughly mixed with the chitosan solution.
The weight ratio of chitosan/insulin/enzymes was 50/50/4.8.
The homogeneous mixture was transferred into a 5 mL syringe
with an attached blunt tip, 30 gauge metal needle. The syringe
was placed in an electrospray system equipped with a syringe
pump. The positive electrode of the electrospray system was
connected to the needle, and the negative electrode was con-
nected to a sterilemetal receiving containerwith 50mLof 5%TPP.
The solutionwas sprayed at high voltage to the receiving contain-
er with gentle agitation. The collected particles werewashed with
1� PBS twice and concentrated by centrifugation at 2000 rpm.
The microparticles were stored at 4 �C with a final density
of∼2000 particles/mL (insulin content:∼3.2mg/mL). The loading
capacity (LC) and encapsulation efficiency (EE) of microgels were
calculated as LC = (A� B)/C and EE = (A� B)/A, where A was the
expected encapsulated amount of insulin or enzyme, B was the
free amount of insulin or enzyme in the collection solution, and
C was the total weight of particles.

In Vitro Insulin Release from Microgels. To determine glucose
response capability of microgels, microgels (insulin content:
∼0.2 mg) were collected by spinning down to pellets at
3000 rpm for 30 s and incubatedwith 0.5mL of 1� PBS solutions
with different glucose levels (0, 100, and 400mg/dL) in a 48-well
plate, which was left on a heating stage fixed at 37 �C. Optical
or fluorescence microscopy images of microgels incubated
in different solutions were separately recorded over time.
For plotting the accumulated release profile, microgels were
similarly incubated with solutions at different glucose levels at
37 �C. The insulin content wasmeasured using a Coomassie Plus
protein assay. The absorbance of the well was detected at
595 nm, and the concentration was interpolated from an insulin
standard curve and a calibration curve made using microgels
encapsulated with enzyme nanocapsules only. To assess the
self-regulated release profile, microgels were first incubated
in 100 mg dL�1 glucose for 1.5 h at 37 �C. The sample was then
centrifuged at 3000 rpm for 30 s, and all of the supernatant was
recovered. Next, the sample was incubated in 400 mg dL�1

glucose for another 1.5 h. This cycle was repeated for subse-
quent alternating cycles. Similarly, insulin concentration was
determined using the Coomassie Plus protein assay. The insulin
release rates were determined by the slope of the curves. Bio-
activity of released insulin from microgels was tested by the
stimulation of an insulin receptor based AKT phosphorylation
assay. CHO-M1 cells (ATCC) were seeded at 25 000 cells/well
in a 96-well plate and allowed to grow for 24 h before serum-
starving overnight. Serum-starved cells were treated with insulin
samples with different concentrations for 10min. Cells were then
lysed, andAKTphosphorylation at S473was assayed according to
the manufacturer's protocol (AlphaScreen, Perkin-Elmer).

In Vivo Studies Using STZ-Induced Diabetic Mice. The efficacy of the
insulin-loaded microgels for diabetes treatment was evaluated
in vivo using STZ-induced adult diabetic mice (male C57B6,
Jackson Lab, USA). Mice were cared for under supervision of
MIT's Division of Comparative Medicine and in compliance with
NIT's Principles of Laboratory Animal Care. The blood glucose
levels of mice were continuously tested for 2 days before
administration by collecting blood (∼3 μL) from the tail vein
andmeasuring using the Clarity GL2Plus glucosemonitor (VWR,
USA). Six diabetic mice were selected for each group adminis-
tered with microgels loaded with human recombinant insulin
and enzyme nanocapsules, microgels loaded with insulin only,
or microgels with enzyme nanocapsule only. Four diabetic mice
were selected for the group administered with PBS solution. A
250 μL amount of microgel solutions or PBS solution was
injected using a 1 cm3 syringe with a 19-gauge needle into
the subcutaneous dorsum of mice (insulin dose: 40 mg/kg) that

had been anesthetized with 1% isoflurane. The glucose level of
each mouse was monitored over time. To measure in vivo
insulin concentration, blood samples (∼25 μL) were drawn from
the tail vein of mice and collected into Sarstedt serum gel
microtubes. Serum samples (5 μL) were stored frozen at�20 �C
until assayed. Plasma insulin concentrations were determined
using the human insulin ELISA kit (Calbiotech, USA).
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